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Lignin dynamics in two13C-labelled arable soils during
18 years
Abstract
Lignin has long been considered a relatively stable component of soil organic matter. However, recent
studies suggest that lignin may turn over within years to decades in arable soil. Here we analyzed lignin
concentrations in an 18 year field experiment under continuous silage maize where two soils were
sampled at six points in time. Our objectives were to examine the long-term dynamics of (i) lignin
derived from a previous C3-vegetation and (ii) lignin derived from maize, as influenced by two levels of
maize biomass input. Total lignin concentrations in soil were quantified by gas chromatography of
lignin cupric oxide oxidation products. Compound-specific 13C isotope analysis allowed discrimination
between C3-derived lignin and maize-derived lignin. Degradation dynamics of C3-derived lignin were
independent of biomass input level, suggesting that priming did not affect soil lignin concentrations over
almost two decades. After 18 years approximately two thirds of the initial C3-derived lignin remained in
the soils, whereas, on average, 10 % of the recent maize-derived lignin input was retained. We suggest
that lignin is effectively stabilized in these arable soils, although the mechanisms involved remain
unclear.
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Summary 
Lignin has long been considered a relatively stable component of soil organic matter. 
However, recent studies suggest that lignin may turn over within years to decades in 
arable soil. Here we analyzed lignin concentrations in an 18 year field experiment 
under continuous silage maize where two soils were sampled at six points in time. Our 
objectives were to examine the long-term dynamics of (i) lignin derived from a 
previous C3-vegetation and (ii) lignin derived from maize, as influenced by two levels 
of maize biomass input. Total lignin concentrations in soil were quantified by gas 
chromatography of lignin cupric oxide oxidation products. Compound-specific 13C 
isotope analysis allowed discrimination between C3-derived lignin and maize-derived 
lignin. Degradation dynamics of C3-derived lignin were independent of biomass input 
level, suggesting that priming did not affect soil lignin concentrations over almost two 
decades. After 18 years approximately two thirds of the initial C3-derived lignin 
remained in the soils, whereas, on average, 10 % of the recent maize-derived lignin 
input was retained. We suggest that lignin is effectively stabilized in these arable 
soils, although the mechanisms involved remain unclear.  
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Introduction 
Lignin has long been regarded as one of the most stable components of soil organic 
matter (SOM) (Derenne & Largeau, 2001; Hatakka, 2001; Kögel-Knabner, 2002; 
Sanderman & Amundson, 2005). However, Kiem & Kögel-Knabner (2003) found that 
lignin did not accumulate in the refractory soil organic carbon (SOC) pool of soils of 
eight long-term arable experiments, but contributed mainly to the labile pool. Recent 
direct analytical evidence for fast lignin turnover has come from compound-specific 
studies of field experiments involving 13C-labelled lignin (Dignac et al., 2005; Heim 
& Schmidt, 2007a) determined 9 and 23 years after addition, respectively. Calculated 
lignin turnover times ranged from 10 to 40 years, assuming single exponential decay 
(Heim & Schmidt, 2007a). Rasse et al. (2006) modelled lignin turnover using data 
from a 9-year field experiment with annual soil sampling (Dignac et al., 2005; Bahri 
et al., 2006). Rasse et al. (2006) were able to describe their field data by a two-
reservoir model in which lignin in plant residues turned over within less than one year 
and only 8 % of the lignin from plant residues reached the SOC pool, where it was 
protected from further decomposition (turnover time of 19 years). To validate the 
suggested time scales of lignin turnover, 13C-labelling experiments running over 
several decades and including frequent soil sampling are needed.  
Lignin enters the soil via plant residues, in arable soils mainly by 
incorporation of crop residues after harvest. The annual quantity of these inputs can 
affect the organic carbon (OC) stock of the soil. If the quantity of the inputs is greater 
than the loss rate by decomposition, such inputs directly increase the SOC stock. 
However, there is also an indirect effect of plant residue input via the stimulation of 
microbial activity. Ocio et al. (1991) showed that the incorporation of straw caused a 
short-term increase in soil microbial biomass. This additional microbial activity might 
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in turn enhance the decay of older SOC as in a positive priming effect (Kuzyakov et 
al., 2000). Berg & McClaugherty (2003) also suggested that alternative C sources 
other than lignin might promote the degradation of lignin by several white rot fungi. 
We therefore hypothesize that the degradation of old lignin might be stimulated by the 
annual incorporation of crop residues (e.g. maize stover). 
A methodology to study the effect of these crop residue inputs is the addition 
of a known amount of above-ground biomass (e.g. Bolinder et al., 1999), i.e. similar 
to a spike in chemical analysis, on top of the unknown below-ground input of 
stubbles, roots and rhizodeposits. Resulting differences between the addition and no 
addition treatments can then be related directly to the amount of above-ground 
biomass entering the soil every year.  
The spiking methodology can be coupled to natural 13C abundance labelling of 
SOC. The label is achieved through a conversion from C3- to C4-vegetation, which 
introduces naturally 13C enriched plant residues to the soil (Balesdent et al., 1987). 
After conversion to continuous C4-vegetation (e.g. maize in arable systems), no new 
C3-biomass is added to the soils and the C3-derived SOC will decrease or remain 
constant during the experimental period. Remaining C3-derived SOC represents 
organic moieties relatively resistant to degradation, i.e. stabilized in soil. Changes in 
the concentration of new, C4-derived SOC represent the retention of new biomass 
input by the soil. The dynamics of C3- and C4-derived SOC over time thus provide 
insight into the OC stabilization potential of the studied soils. Compound-specific 
isotope analysis of 13C-labelled SOC allows tracking the fate of individual organic 
components such as lignin over decades. 
In order to study the effects of crop residue incorporation on lignin 
concentrations in arable soils we examined the (i) degradation of old C3-lignin and 
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the (ii) retention of new C4-lignin as influenced by two levels of above-ground 
biomass input. We used repeated sampling of two soils from an 18 year old field 
experiment under continuous silage maize cropping. 
 
Materials and methods 
Soils 
Soil was sampled from the soil archive of the continuous maize experiment at Askov, 
Denmark (55°28'N, 09°07'E; mean annual temperature 7.7°C; mean annual 
precipitation 862 mm; Christensen, 1997), which is a C3- to C4-vegetation conversion 
experiment. Silage maize is grown every year in open-ended cylinders (diameter 0.7 
m, depth 0.5 m) inserted into the ground. In 1988 the cylinders were filled with four 
different soils sampled from the 0-25 cm horizon of arable fields from Danish 
experimental stations (Kristiansen et al., 2005). Two soils, Lundgaard and Askov, had 
been cropped exclusively with C3-plants (mainly small grain cereals with barley as 
dominant crop) before continuous silage maize (C4-plant) cropping was started in 
1988. Before the conversion, the two soils had received C3-carbon input only from 
stubbles (length ca 10 cm) and below-ground plant biomass, the straw had been baled 
and removed from the fields. Only mineral ferilizers had been used. Both soils had 
been under arable cultivation for more than 100 years and the cereal cropping had 
been applied for many years before the soils were retrieved for the continuous maize 
experiment.  
Lundgaard and Askov soils differ in texture and initial SOC content (Table 1). 
Thus the effect of soil texture cannot be studied independently from initial SOC or 
initial lignin content, the finer textured soil (Askov soil) containing higher 
concentrations of SOC and lignin carbon (Table 1).  
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Records of bulk density were available for the start of the experiment only 
(Table 1). Changes in bulk density over the experimental period could thus not be 
taken into account. Results of this study are therefore presented in concentrations and 
not in stocks. 
 
Treatments 
At harvest, maize stems were cut and removed to leave stubbles of ca four centimeters 
length. Subsequently, two treatments were applied: (i) a small input treatment where 
the input of maize OC was derived solely from stubbles and below-ground biomass 
(roots and rhizodeposits) and (ii) a large input treatment (“spike”) with an additional 
OC input of coarsely chopped above-ground maize biomass (stems, leaves, cobs) 
incorporated into the soils in the autumn (800 g dry matter m-2 year-1; Kristiansen et 
al., 2005). Table 2 lists characteristics of the C3- and C4-input biomass from plants 
that were grown in the experimental soils. Only samples for aboveground biomass 
were available, so the concentrations of OC or lignin in roots and stubbles could not 
be determined.  
 
Soil sampling 
Representative bulk soil samples were taken every two to three years from the 
experimental soil horizon (0 – 20 cm) in the spring prior to planting, air-dried, sieved 
to < 2 mm and archived. For our study, we sub-sampled archived soil from 1988 (year 
0, control), 1991 (year 3), 1994 (year 6), 1998 (year 10; only available for ‘large 
input’), 2003 (year 15) and 2006 (year 18).  
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Soil organic carbon analysis 
Carbon concentrations were determined at least in triplicate (three sub-samples of one 
homogenized field sample per treatment and date; six analytical replicates exist for 
years 0 and 3) on a CHNS elemental analyser (Vario EL, Elementar 
Analysensysteme, Hanau, Germany) after removal of carbonates by fumigation with 
concentrated hydrochloric acid (6 h, Harris et al., 2001). Stable carbon isotopic 
composition was measured in duplicate (two sub-samples of one homogenized field 
sample per treatment and date) using an elemental analyser coupled on-line to an 
isotope ratio mass spectrometer (EA-IRMS, Kompetenzzentrum Stabile Isotope, 
Göttingen, Germany). Analytical precision was 0.1 ‰ V-PDB. 
 
Lignin extraction from soil 
Lignin was extracted at least in triplicate from air-dried, finely ground soil (three sub-
samples of one homogenized field sample per treatment and date; six analytical 
replicates exist for years 0 and 3) using alkaline cupric oxide oxidation (Hedges & 
Ertel, 1982) in a microwave digestion system (Goñi & Montgomery, 2000) as adapted 
by Heim & Schmidt (2007a). In the extracts, the oxidation products vanillyl, syringyl 
and cinnamyl phenols were quantified and their sum used as an indicator of lignin 
(VSC). We are aware that VSC lignin is not a quantitative measure of the actual lignin 
concentration. However, in the absence of better analytical alternatives the cupric 
oxide oxidation method is widely used for soils. Lignin carbon (CVSC) was calculated 
from the molecular formulae of the individual lignin oxidation products (for 
monomers see Heim & Schmidt, 2007a), which contain between 55 – 65 mass-% C. 
Quantification of VSC was conducted by gas chromatography coupled to a flame 
ionization detector (GC-FID; HP 6890N Plus, Agilent Technologies, USA) with a 
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DB-5MS column, length 50 m, inner diameter 0.2 mm, film thickness 0.33 µm 
(Agilent Technologies, USA) connected to a G1530N capillary flame ionisation 
detector (JAS, Germany); temperature programme: 100 °C, ramp to 160 °C at 3 °C 
min-1, hold for 5 min, ramp to 250°C at 3 °C min-1, ramp to 320 °C at 10 °C min-1, 
hold for 10 minutes. In order to volatilize lignin monomers from extracts (dissolved in 
ethyl acetate), BSTFA/TMCS 99:1 derivatization agent was added 1:1 (vol.). 
Quantification was achieved using calibration curves of external lignin monomer 
standards. To correct for losses during sample preparation, cinnamic acid and ethyl 
vanillin were used as internal standards (Heim & Schmidt, 2007a). The average 
relative standard error for lignin analysis at the GC-FID was 5 %.  
 
Compound-specific stable carbon isotope analysis 
Compound-specific isotope analysis for lignin monomers (Goñi & Eglinton, 1996) 
was conducted in duplicate for each soil extract using gas chromatography-
combustion-isotope ratio mass spectrometry (GC-C-IRMS; gas chromatograph HP 
6890N Plus, Agilent Technologies, USA, interface Combustion III, Finnigan-
Thermoquest, Germany and isotope ratio mass spectrometer MAT 252, Finnigan). 
Column, temperature program and derivatization were as described above for lignin 
monomer quantification by GC-FID. For GC-C-IRMS measurements we used the 
alkanes n-20 and n-24 as internal standards (Heim & Schmidt, 2007a). Correction for 
the shift in the isotopic composition by adding trimethylsilyl C during derivatization 
(BSTFA/TMCS 99:1) was conducted according to the mass balance equation by 
Dignac et al. (2005) (Equation 1).  
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δUD and δD are the stable C isotopic ratios of the underivatized and derivatized phenol 
(as measured by GC-C-IRMS), nUD and nD are the number of C atoms in the 
underivatized and derivatized phenol. nBSTFA is the number of trimethylsilyl C atoms 
added to the phenol from BSTFA. Analytical precision for δ13C analysis of lignin at 
the GC-C-IRMS was 0.6 ‰ V-PDB.  
The δ13C of added trimethylsilyl C was analyzed on-line with the GC-C-IRMS 
by measuring the δ13C first of methanol and second of methanol derivatized with 
BSTFA from the headspace and then solving the mass balance equation for BSTFA 
(Equation 2): 
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Here, nD and nUD are the number of C atoms in the derivatized (nD = 4) and 
underivatized methanol (nUD = 1), δD and δUD are the stable C isotopic ratios of the 
derivatized and underivatized methanol (δD = -37.6 and δUD = -30.3 as measured by 
GC-C-IRMS), nBSTFA is the number of C atoms in the trimethylsilyl group of BSTFA 
(nBSTFA = 3). 
 
Calculation of C3- and C4-derived lignin 
The fraction of new, C4-derived lignin C (C4-CVSC) within total lignin C (CVSC) was 
calculated by adapting the formula for SOC established by Balesdent & Mariotti 
(1996), as proposed by Dignac et al. (2005) and Heim & Schmidt (2007a) (Equation 
3). 
 
! 
FnewCVSC =
" #
13Csoils
" #
13Cplants
   (3) 
Where FnewCVSC is the fraction of new, C4-derived lignin C, Δ δ13Csoils is the 
difference between the delta values (‰ V-PDB; determined by GC-C-IRMS) of lignin 
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extracted from soil before and after the conversion and Δ δ13Cplants is the difference 
between the delta values of lignin extracted from the input vegetation (Table 2). 
Quantities of C4-derived lignin were calculated by multiplication of FnewCVSC with the 
lignin concentration determined by GC-FID. C3-derived lignin is the difference 
between total lignin and C4-derived lignin.  
 
Statistics 
Concentrations and δ13C values are given as the mean with the standard error. The 
standard errors of SOC and CVSC concentrations and the δ13C values of CVSC represent 
the analytical error of six analytical replicates (years 0 and 3) or three analytical 
replicates (years 6, 10, 15, 18) of one homogenized archived soil sample for each 
treatment and sampling date. The standard errors of the δ13C values of SOC represent 
the analytical error of two analytical replicates. Error propagation calculations were 
included in all calculations. The significance of differences was tested by unpaired t-
tests (two-sample equal variance or two-sample unequal variance if applicable). 
 
Results and discussion 
Soil organic carbon 
Over the course of the experiment, SOC concentrations increased in both soils when 
aboveground maize biomass inputs were large and remained almost constant when 
inputs were smaller (Figure 1e). Contrary to our finding, Kristiansen et al. (2005) had 
observed that SOC stocks of both soils (especially Lundgaard) and both treatments 
increased during the first 14 years of the continuous maize experiment. While the 
trend of SOC increase with larger input can be confirmed with the present study, the 
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trend for increased SOC concentrations with smaller input could not be confirmed for 
the 18 year period. 
 
Contribution of lignin carbon to soil organic carbon  
The proportion of lignin C (CVSC) in SOC ranged between 11.3 ± 0.8 and 27.3 ± 0.6 
mg CVSC g-1 SOC (Figure 1a) and was comparable to values found in other studies 
with arable soils where lignin extraction was also conducted using the cupric oxide 
oxidation method (Guggenberger et al., 1994; Lobe et al., 2002; Kiem & Kögel-
Knabner, 2003; Dignac et al., 2005; Bahri et al., 2006; Heim & Schmidt, 2007a).  
The proportion of CVSC in SOC was increased with large input in comparison 
with smaller input and was overall greater for the coarse textured Lundgaard soil 
(Figure 1a). However, the Lundgaard soil contained less SOC (Figure 1e) and thus 
also less CVSC per gram soil than the finer textured Askov soil. The effect of texture 
could not be evaluated independently from SOC concentrations because both soils 
varied in both factors (Table 1). 
Most importantly, during the course of 18 years, the SOC of both soils 
generally became enriched in CVSC (Figure 1a). Large crop residue input 
approximately doubled CVSC proportions. Small crop residue input resulted in a small 
increase that was significant only for the Lundgaard soil (Figure 1a). The enrichment 
resulted from the increase in absolute CVSC soil concentrations while changes in SOC 
concentrations were relatively small (Figure 1e). 
The enrichment in CVSC contrasts with the results of Bahri et al. (2006) who 
found almost constant CVSC proportions over the course of a 9-year experiment of 
continuous grain maize. The enrichment in CVSC could result from a greater 
proportion of CVSC in maize plant inputs. However, for above-ground inputs we could 
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not find greater proportions of CVSC in biomass OC (Table 2). Unfortunately, data for 
CVSC in below-ground inputs could not be obtained. Therefore we could not determine 
if the enrichment could be attributed to a greater proportion of CVSC in below-ground 
inputs. A second possible explanation for the observed larger proportions of CVSC in 
our 18 year experiment could be the preferential retention of CVSC in these soils. 
However, a preferential retention of lignin compared with total OC would be in 
contrast to previous findings of Kiem & Kögel-Knabner (2003), Dignac et al. (2005) 
and Heim & Schmidt (2007a) who provided evidence that lignin turns over faster than 
SOC.  
 
Mass balance of above-ground maize biomass input: determining the retention of new 
C4-lignin carbon (C4-CVSC) 
The data from the Askov continuous maize field experiment allowed us to conduct a 
simple mass balance to determine the actual retention of recent C4-CVSC and C4-OC 
from above-ground biomass inputs. Spiking the soil with 800 g dry matter m-2 year-1 
of above-ground maize biomass each year led to an annual input of 19 g C4-CVSC m-2 
and 338 g C4-OC m-2, which accumulated to 0.35 kg C4-CVSC m-2 and 6.1 kg C4-OC 
m-2 within 18 years. Of these cumulated inputs, the soil retained, on average, 35 ± 9 g 
C4-CVSC m-2 (n = 2, Lundgaard and Askov soil) and 970 ± 215 g C4-OC m-2 (Figure 
2, calculations based on data presented in Figures 1b, 1c, 1f, 1g). This corresponds to 
an average retained fraction of 10 ± 3 % for C4-CVSC and 16 ± 4 % for C4-OC during 
18 years.  
The average value of ca 10 % C4-CVSC retention was in close agreement with 
the 8 % lignin retention from undecomposed plant residues proposed in the model by 
Rasse et al. (2006). Similarly, the average retention of maize-derived SOC of 16 % 
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was in agreement but slightly larger than found by Bolinder et al. (1999), who 
reported 12.2 % as an average fraction of shoot-derived C retained as SOM. In 
comparison, the retention of C4-CVSC from above-ground biomass tended to be 
smaller than C4-OC retention, pointing to a preferential degradation of lignin 
compared with OC, which supports the results of Dignac et al. (2005) and Heim & 
Schmidt (2007a). Both studies provided evidence that old C3-lignin was preferentially 
degraded compared with old C3-SOC. With the Askov continuous maize experiment 
we can now show a similar effect for recent C4-lignin inputs. This shows that relative 
stability of lignin in comparison with SOC was similar for recent biomass inputs and 
for old SOM. This result suggests that recent inputs of C4-lignin or C4-OC and older 
C3-lignin or C3-SOC were probably subjected to similar stabilization mechanisms.  
 
Increasing soil carbon stocks by crop residue incorporation? 
Freibauer et al. (2004) list a large number of possible C sequestration measurements 
in soil, one of which is “crop residues” which in this case means incorporation of 
surplus cereal straw. Freibauer et al. (2004) give two estimates for potential C 
sequestration rates from (cereal straw) crop residues in arable soil (0.7 and 0.2 ± 0.1 t 
C ha-1 year-1). The soils of the Askov continuous maize experiment sequestered a 
maximum of 9.7 ± 2.2 t ha-1 in 18 years (Figure 2), which is comparable with the 
annual rates given by Freibauer et al. (2004). However, Figure 2 clearly shows that 
saturation effects occur and that initial sequestration rates cannot be projected linearly 
into the future. 
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Dynamics of C3-lignin decomposition  
Figure 1d presents the proportion of C3-derived lignin C (C3-CVSC) in total SOC, 
which generally decreased over the course of the experiment, faster in the first decade 
and slowing down in the second decade. Even so, after 18 years a large percentage of 
the initial C3-CVSC was still present in the soils irrespective of soil type or biomass 
input (Figure 1d). On average for all soils studied, approximately two thirds of the 
initial C3-CVSC remained after 18 years. This is much larger than in the arable soil 
studied by Heim & Schmidt (2007b), which contained only 27 % of the initial C3-
CVSC after 23 years. The large remaining percentage of C3-CVSC after almost two 
decades may point to an effective stabilization of a part of old lignin moieties. 
However, this slow degradation of lignin has to be considered in the context of slow 
C3-SOC mineralization (Figure 1h). In comparison to the remaining C3-CVSC, the 
remaining C3-SOC concentration in soils was slightly larger after 18 years (Figure 
1h), suggesting that old C3-CVSC was replaced faster than old C3-SOC. This was a 
consistent trend throughout the experiment. To visualize these findings, we plotted 
percentages of remaining old C3-CVSC against percentages of old C3-SOC for all 
samples analyzed during the experimental period (Figure 3).  
The low C3-SOC mineralization can probably be attributed to the stability of 
the SOC pool in these arable soils, which had been under intensive cereal cropping 
(with mineral fertilizer and removal of crop residues) for a long period before the 
experiment was initiated. Intensive cropping could have resulted in mineralization of 
most OC inputs, leaving solely SOC that was already stabilized. 
The driving mechanisms for the observed stabilization of older organic matter 
might be related to e.g. chemical recalcitrance or organo-mineral interactions 
(Christensen 1996; von Lützow et al., 2006; Marschner et al., 2008) and/or to the 
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activity and community structure of the decomposer microorganisms (Hatakka, 2001; 
Sanderman & Amundson, 2005). However, revealing the underlying mechanisms was 
beyond the focus of this paper, but should be addressed in the future. 
 
Effect of biomass input on old C3-lignin carbon 
The decrease of C3-CVSC and C3-SOC appeared to be unaffected by the additional 
input of above-ground maize biomass in the long term (Figure 1d, 1h); no significant 
trends could be found. Generally, we can thus state that the expected positive priming 
of the old C3-CVSC or C3-SOC resulting from the large biomass input could not be 
observed. If such a priming effect exists, it will be a short-term effect only, occurring 
directly after the incorporation of the biomass and the effect will thus not detectable in 
the long-term.  
In the context of the experimental design, it can be added that the start of the 
experiment, i.e. after the conversion from small grain cereal to maize cropping, did 
not induce drastic changes in total SOC concentrations (Figure 1 e). This supports the 
notion that soils were near steady state conditions for OC inputs and SOC levels, 
especially with the small biomass input treatment. 
 
Conclusions 
To the best of our knowledge, this is the first study which tracks 13C-labelled lignin in 
an arable soil field experiment over 18 years. The data can be interpreted in terms of 
lignin degradation and stabilization and thus contributes to knowledge of the 
dynamics of lignin over long periods.  
The three main conclusions are 1) after 18 years of continuous maize 
cropping, approximately two thirds of the initial old C3-derived lignin were still 
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present in these soils, suggesting that lignin had been stabilized effectively, although 
underlying mechanisms remain unclear, 2) levels of biomass input did not affect the 
degradation dynamics of old C3-derived lignin, priming from biomass inputs could 
not be observed over a period of 18 years and 3) the results give evidence for 
preferential degradation not only of old, C3-derived lignin carbon but also of recent, 
C4-derived lignin carbon over C3- and C4-SOC. 
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FIGURE CAPTIONS  
Figure 1 Lignin and soil organic carbon dynamics in the Askov continuous maize 
experiment over 18 years. Lundgaard soil:  large input,  small input, Askov soil: 
 large input,  small input. Large input () denotes the treatment where above-
ground maize biomass (0.8 kg dry matter m-2 a-1) was incorporated into the soil. Small 
input () denotes the treatment where only stubbles and below-ground maize 
biomass were incorporated (no samples available for year 10). The standard errors 
represent the analytical error of six analytical replicates (years 0 and 3) or three 
analytical replicates (years 6, 10, 15, 18) of one homogenized archived soil sample for 
each treatment and sampling date. a) total lignin carbon (CVSC), b) δ13C values of 
CVSC, corrected according to Dignac et al. (2005), c) new, maize-derived lignin 
carbon (C4-CVSC), d) old, C3-derived lignin carbon (C3-CVSC) e) total soil organic 
carbon (SOC), f) δ13C values of SOC, g) new, maize-derived soil organic carbon (C4-
SOC), h) old, C3-derived soil organic carbon (C3-SOC). 
 
Figure 2 Retention of new C4-derived carbon (C4-C) from above-ground maize 
biomass input in the soils (top 20 cm) in relation to the cumulative carbon input from 
above-ground maize biomass during the experimental period of 18 years. Retained 
C4-C stocks from above-ground maize biomass were calculated as the difference 
between the C4-C stocks of large and small input treatments (“spiking”).  
Lundgaard soil,  Askov soil. Error bars represent the standard error (n = 3 analytical 
replicates). 
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Figure 3 Percentages of remaining initial soil concentrations of C3-CVSC plotted 
against those of C3-SOC in soil samples during the experimental period. Lignin was 
more susceptible to degradation than SOC. Lundgaard soil:  large input,  small 
input, Askov soil:  large input,  small input. Error bars represent the standard 
error (n = 3 analytical replicates). 
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TABLES 
Table 1 Chemical and physical characteristics of the experimental soils at the start of 
the experiment (1988, year 0). 
 26 
Table 2 Characteristics of the above-ground plant biomass input.  
 
